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Blood is a specialized bodily fluid flowing through blood vessels. The main function of blood is to 
transpo此 many materials in plasma, such as blood cells, oxygen, glucose, amino acids, etc. , and to 
maintain the physiological homeostasis of our body.τb understand the transport phenomena in blood 
flow, we must clarify detailed flow field as well as dis佐ibution of blood cells in the flow. Since, the main 
component of blood cells is a red blood cel (RBC), flow field is strongly dependent on the microscopic 
RBC behaviour, which are affected by the membrane tension of deformed RBCs and hydrodynamic 
interactions between RBCs. 
In former studies, the hemodynamics has been investigated in macroscopic and microscopic regimes, 
separately. However, the vascular system is continuously ranged from micro-to centi-meter scale in the 
body, and the body system is maintained by the multi-scale cardiovascular system. For consecutive 
understanding of physiology and pathology of blood flow, it is now desirable for a mechanical model 
which can be applied to arbitrary scale physics of blood flow. To overcome the multi-scale problems of 
blood flow, we need to develop a macroscopic continuum model of an RBC suspension from the cellular 
mechanics of individual RBCs. 
In a flowing suspension, RBCs hydrodynamically interact with other cells and the celI-cel 
interactions induce the mixing of RBCs in the suspension. Such a flow-induced mixing may be 
described by the self-diffusivity of RBCs. This phenomenon was discussed experimentally in a few 
studies, but it has not been clarified quantitatively. Thus, the diffusivity of RBCs subjected to fluid flow 
must be clarified in order to develop a macroscopic continuum model of a suspension of RBCs. Not only 
the diffusion of RBCs but the stress system of a suspension, i.e. particle stress tensor, is also important 







Although the apparent viscosity or velocity field has been mainly discussed in former studies, the 
particle stress tensor of an RBC suspension has not been clarified yet. The particle stress tensor can be 
described by the stresslet of individual RBCs, which is determined by the membrane tension of RBCs. 
We, therefore, need to clari今 the rigorous membrane tension of individual RBCs subjected to fluid flow 
to construct a detailed stress system of an RBC suspension. 
The objective of this study is to investigate the cellular mechanics of an RBC in shear flow and to 
clarify a suspension properties of RBCs 仕om dilute to semi-dilute regimes. In this thesis, we first 
discuss the mechanical modeling of the RBC membrane, because it is veηT important in analyzing the 
membrane tension. We look for an adequate mechanical membrane model to express a large 
deformation of an RBC in fluid flow by comparing with continuum hyper-elastic models and discrete 
spring network models. We then investigate single RBC motions in shear flow. The results are applied 
to discussions of the membrane tension and rheology of a dilute suspension of RBCs. Finally, we 
investigate the pairwise interaction of RBCs in shear flow. We track a trajectory of a single marked 
RBC, and the trajectoηis used to determine the self-diffusivity ofRBCs in the semi-dilute regime. We 
also investigate the membrane tension and rheological properties of a suspension of RBCs in the 
semi-dilute regime. 
Chapter2.M配har泊cs of RBCs in liquids 
In this chapter, the governing equations of RBCs deforming under viscous flow are presented. An 
RBC has no nucleus, and characteristics of large deformation are determined by both the fluid 
mechanics of internal and external fluids and the solid mechanics of the membrane. In this study, an 
RBC is modeled as a capsule with a hyper-elastic membrane. Due to the small size ofRBCs, we assume 
that the flow is Stokesian, which is described by boundary integral representations. For mathematical 
descriptions of the membrane mechanics, we use the shell theory of the large elastic deformation. 
Chapter 3. Numerical methods 
In chapter 3, we describe the numerical methods for the capsule dynamics in viscous flow. For the 
membrane mechanics of a capsule, a finite element method is used. To solve the boundary integral 
equation of the flow field, a boundary element method is employed. For validations of the numerical 
scheme of the finite element-boundary element (FE-BE) coupling method, we investigate the 
membrane load and capsule deformation under inflation and shear flow conditions. The results are 
compared with former analytical and numerical studies and we confrrmed the accuracy. To accelerate 
computation speed, GPGPU is applied to the FE-BE coupling method using CUDA. We succeeded 
about 230 times acceleration of the computation speed comparing with a CPU computation. 
Chapter 4. Mechanical modeling of an RBC membrane 
In this study, we model the RBC membrane by a continuum hyper可lastic material. However, some 
of former studies use a spring network model to solve a large deformation of the RBC membrane. In 
chapter 4, we compare the mechanical properties of a membrane modeled with continuum constitutive 





discrete spring network model and continuum constitutive laws and ωdiscuss an adequate model for 
the RBC membrane. 
We compare uniaxial and isotropic deformations of a two-dimensional sheet, both analytically and 
numericall)乙 The 2D sheet is discretized with four kinds of mesh to analyze the effect of the spring 
network configuration. We derive the relationships between the spring constant and continuum 
properties, such as the Young modulus, Poisson ratio, area dilation modulus and shear modulus. It is 
found that the mechanical properties of spring networks are strongly dependent on the mesh 
configuration. Comparing the results between the different membrane models, we find that it is hard 
旬 express the area incompressibility observed in biological membranes using a simple spring network 
model. It is therefore desirable to use a continuum model of Skalak et al. (1972) for the RBC membrane 
to express the area incompressible prope此y.
Chapter 5. Single RBC in shear tlow 
In chapter 5, we investigate the dynamics of a single RBC in creeping shear tlow and the rheological 
properties in the dilute limit. When an RBC is subjected to an external tlow, hydrodynamic forces on its 
membrane lead to motion and deformation. Although dynamics of a rigid non-spherical particle is well 
understood by J e町ery's theory (1922), that of an RBC remains unclear. In this chapter, we first 
investigate the kinematic motion of an RBC in creeping shear flow. The results show that the 
orientation of an RBC is variant under time-reversal, though that of a rigid particle is invariant. 
Surprisingly, the steady alignment of an RBC over long time duration shows transition depending on 
the shear rate. The transition cannot be explained by the minimum ener田T dissipation of the system 
but ful fluid and solid mechanics are needed to understand of them. 
Flow-induced deformation of RBCs affects the cell ability to release various molecules and regulate 
their concentration in blood. The resulting elastic tensions in the membrane play a key role in 
mechano-transduction and govern its rupture in case of hemolysis. We next analyze the elastic 
membrane tension of an RBC under shear flow condition. In high capillary number regime, 
distributions of the principal tensions change periodically and the maximum tensions appear on the 
side of the deformed RBC, whereas the high isotropic tension only appears at the toplbottom of the 
deformed RBC. Due to the strain-hardening property of the membrane, the deformation is suppressed 
in high capillary number regime but the membrane tension increases monotonically with the capillary 
number. These findings on the membrane tension would be useful to clarify not only the membrane 
rupture but also the mechano廿ansduction of RBCs. 
We finally discuss the rheological properties of a dilute suspension of RBCs in shear flow. When a 
suspension is so dilute that the motion of an RBC is independent of the other cells, the particle stress 
tensor can be determined by the stresslet of an RBC subjected to fluid flow. The effective shear 
viscosity shows shear-thinning properties. Surprisingly, in the dilute regime, it becomes smaller as the 
viscosity ratio of the internal to externalliquids is increased. The diagonal componen臼 ofthe stresslet 
are no longer isotropic. The first normal stress difference becomes positive, whereas the second normal 






suspension decreases with applied shear rate. These findings about the dilute suspension rheology 
form a fundamental basis for the knowledge of complicated suspension mechanics of capsules and 
biological cels. 
Chapter 6. Hydrodynamic interaction between two RBCs 
In chapter 6, we investigate the hydrodynamic interaction between two RBCs in shear flow and the 
results are applied ωdiscussion of the shearinduced self-diffusion of the RBCs, as well as the stresslet 
of the RBCs during the interaction. The pairwise interaction is an important phenomenon. The particle 
stress tensor can be expanded in terms of 仇 where ゆ is the volume fraction and the pairwise 
interactions give ,. term. Thus, rj゚ term becomes one order of magnitude smaller when ゆ is about 10%. 
The pairwise interaction is also important for diffusion of RBCs, because cell-cell interaction is the 
main mechanism for an RBC to deviate from the background streamline. 
τb investigate the shearinduced self-diffusivity of RBCs, we analyze the trajectories of a single 
marked RBC during the cell-cel interaction. Due to the deformability of the RBC membrane, the 
trajectories become asymmetric and the displacements are observed in the cross-flow direction. 
We observe that the trajectories are strongly affected by the viscosity ratio but slightly by the capillary 
number. Shearinduced self-diffusion coefficients of RBCs are then calculated by a combination of 
analytical and numerical integration of the cross-flow displacements. The self-diffusion of RBCs has a 
peak value when capillary number is about 1, and monotonically decreases with the viscosity ratio. 
These tendencies are similar to those of drops but the values are quantitatively different. The interface 
of drops has no elasticity, thus the elasticity of RBC membrane likely causes quantitative difference of 
shearinduced diffusivity between drops and RBCs. 
Finally, we discuss the stresslet of the RBCs during the pa廿wise interaction and its impact on the 
particle stress tensor of the suspension. The additional shear viscosity comes from the cell-cell 
interaction is positive in al cases, thus the effective shear viscosity of the suspension increases 
quadratically. The first normal stress difference becomes negative in the case of the identical viscosity, 
whereas it is positive when the viscosity ratio is larger than 1. Thus the bulk first normal stress 
difference of the suspension is increased by the hydrodynamic interaction of RBCs when the viscosity 
ratio is large. 
Chapter 7. Conclusions 
Consequently, we succeed to develop a macroscopic continuum model of an RBC suspension in both 
dilute and semi-dilute regimes. The findings presented in this thesis can be utilized for a fundamental 
basis for the breakthrough in the multi-scale problems of blood flow. In near future, our numerical 












第 2 章及び第 3章では，支配方程式とその数値離散化手法を述べている.血流内の赤血球の運動
を解析するためには，赤血球膜と膜内外の流れ場との連成解析を行う必要がある.本研究では，膜
の力学を有限要素法，膜内外の流体力学を境界要素法によって解析をしている.
第4章では，赤血球膜の力学的モデ、ル化を行うにあたり，超弾性体モデ、ルとパネモデ、ルとの比較
が行われた.この解析により，パネ定数とヤング率等の弾性係数との関係が明らかになった.パネ
モデルは計算生体力学の分野で、広く用いられているモデルで、あり，これらは重要な成果である.
第 5 章では，せん断流れ下における赤血球の運動や膜面応力，並びに希薄懸濁液下でのレオロジ
ー特性が議論された.せん断速度の強さに応じた運動の遷移や，膜面に働く最大応力等が定量的に
明らかになった.また，希薄懸濁液下では膜内部流体の粘性が高くなるほど懸濁液の流動が効率的
になることが分かった.
第 6 章では，赤血球の二体干渉を解析することにより，準希薄懸濁液下でのレオロジー特性や赤
血球の拡散係数が議論された.懸濁液の見かけ粘度が赤血球体積率によって二次関数的に増加する
こと，赤血球の拡散が，内部流体の粘性によって抑制されることを解明するに至った.これらの結
果は，準希薄懸濁液下でのレオロジー特性や，流路内赤血球分布を解析する際に重要な基礎知見で
ある.
第 7章は結論である.
以上要するに本論文では，せん断流れ下における赤血球の運動や膜面応力を解析し，希薄懸濁液
から準希薄懸濁液にかけてのレオロジー特性や赤血球拡散係数を解明したものであり，医工学及び
計算生体力学の発展に寄与するところが少なくない.
よって，本論文は博士(医工学)の学位論文として合格と認める.
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